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1.	 It	 is	 generally	 thought	 that	 the	 intensification	 of	 farming	 will	 result	 in	 higher	
disease	prevalences,	although	 there	 is	 little	 specific	modelling	 testing	 this	 idea.	
Focussing	on	honeybees,	we	build	multi‐colony	models	to	inform	how	“apicultural	
intensification”	 is	 predicted	 to	 impact	 honeybee	pathogen	epidemiology	 at	 the	
apiary scale.
2.	 We	used	both	agent‐based	and	analytical	models	 to	show	that	 three	 linked	as-
pects	of	apicultural	intensification	(increased	population	sizes,	changes	in	popula-
tion network structure and increased between-colony transmission) are unlikely 
to	greatly	increase	disease	prevalence	in	apiaries.	Principally	this	is	because	even	
low‐intensity	apiculture	exhibits	high	disease	prevalence.
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1  | INTRODUC TION
Infectious	 diseases	 have	 significant	 impacts	 on	 agricultural	 sus-
tainability	 (Brijnath,	Butler,	&	McMichael,	2014)	and	profitability	
(James,	 1981).	 A	 key	 question	 is	 how	 agricultural	 intensification	
and	novel	agricultural	practices	impact	the	emergence	and	epide-
miology	of	infectious	disease	(Cressler,	McLeod,	Rozins,	Hoogen,	
&	 Day,	 2016;	 Gandon,	 Hochberg,	 Holt,	 &	 Day,	 2013).	 It	 is	 gen-
erally	 assumed	 that	 intensification	 increases	 vulnerability	 to	 se-
vere	disease	outbreaks	 (Jones	et	al.,	2013;	Kennedy	et	al.,	2016;	
Mennerat,	Nilsen,	Ebert,	&	Skorping,	2010),	but	there	is	relatively	




industrial‐scale	 management	 practices	 on	 honeybee	 infectious	
disease prevalence.
Honeybee	 health	 and	 the	 apicultural	 industry	 are	 under	 threat	
from	a	variety	of	pressures	(Ghazoul,	2005;	vanEngelsdorp	&	Meixner,	
2010),	 including	parasites	and	pathogens	 (Budge	et	al.,	2015;	De	 la	





















modelling	 (Becher,	 Osborne,	 Thorbek,	 Kennedy,	 &	 Grimm,	 2013)	





both	 by	 pathogen	 transmission	 within	 and	 between	 colonies.	
Intensification	of	apiculture	changes	apiary	ecology	 in	a	number	
of ways, all potentially relevant to disease (Brosi et al., 2017). In 
particular,	 increasing	 the	 number	 of	 colonies	 and	 changing	 the	
arrangement	 of	 those	 colonies	 influences	 epidemiology	 through	
changes	in	both	the	size	and	network	structure	of	the	population.	
They	 both	may	 also	 increase	 the	 rate	 at	which	 transmission	 be-
tween	colonies	occurs	via	more	frequent	“drifting”	of	honeybees	
(Free,	 1958;	 Neumann,	 Radloff,	 Pirk,	 &	 Hepburn,	 2003).	 Drift	
is	 a	 key	 mechanism	 of	 between‐colony	 pathogen	 transmission	
(Goodwin,	 Perry,	 &	 Houten,	 1994;	 Roetschi,	 Berthoud,	 Kuhn,	 &	
Imdorf,	 2008)	 and	 has	 been	 invoked	 as	 an	 explanatory	 mecha-
nism	accounting	for	higher	parasite	prevalences	in	larger	apiaries	
(Mõtus	et	al.,	2016).
The	 intensification	 of	 agricultural	 systems	 generally	 means	
larger,	 denser	 population	 sizes	 and	 greater	 pathogen	 transmissi-
bility	 at	 local	 (within	 a	 population,	 such	 as	 a	 farm)	 and	 landscape	
(between	 populations,	 such	 as	 neighbouring	 farms)	 scales.	 To	 un-
derstand	these	effects	in	honeybees	we	build	multi‐colony	models	
to	 examine	 how	 apicultural	 intensification	 is	 predicted	 to	 impact	
honeybee	pathogen	epidemiology.	We	examine	the	epidemiological	
consequences	of	 increasing	 the	number	of	 colonies	within	an	api-
ary,	changing	colony	configurations,	and	increasing	between‐colony	
pathogen	transmission.
2  | MATERIAL S AND METHODS
We	 combine	mathematical	 models	 and	 agent‐based	model	 (ABM)	
simulations	to	make	predictions	on	how	intensification	affects	dis-
ease	risk,	spread	and	endemic	prevalence	within	an	apiary.	The	key	








arrow in Figure 2). Between-colony transmission is always assumed 
to	be	at	a	 lower	 rate	 than	within	colony	 transmission.	The	mathe-
matical	model	allows	us	to	obtain	tractable	analytical	results	while	




colony	 as	 an	 individual	 population	 and	 allows	 for	 within‐colony	
as	 well	 as	 between‐colony	 transmission	 (for	 nearest	 neighbours).	
Within	 a	 colony,	 honeybees	 are	 either	 susceptible	 to	 infection	 or	
infected	(and	infectious).	We	denote	the	number	of	susceptible	hon-
eybees in colony i at time t as Si(t).	Likewise,	we	denote	the	number	
of	honeybees	in	colony	i	infected	with	the	pathogen	at	time	t as Ii(t). 
Susceptible	honeybees	in	colony	i become infected at rate βij follow-
ing	contact	with	an	infected	bee	that	resides	in	colony	j.	We	assume	
that	honeybees	do	not	recover	from	infection.	Honeybees	are	born	
at rate ϕ,	have	a	natural	mortality	rate	of	m and an additional mor-
tality rate of v	 if	 infected.	The	 following	2n	differential	Equations,	
(1),	model	disease	transmission	within	and	between	n colonies in an 
apiary.
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The	matrix	 β = [β ij]	will	 depend	 on	 the	 colony	 arrangement	
(see	Figure	1;	and	S.I.	Section	1).	The	transmission	rate	between	
a	susceptible	and	infected	honeybee	within	the	colony	is	a, and 
transmission	 between	 neighbouring	 colonies	 is	 b. For exam-
ple,	 for	 a	 nine‐colony	 apiary,	 the	 transmission	 matrices	 for	 an	






ony (i.e. a » b).	Note	that	for	each	apiary	configuration	to	be	possible	










We	use	 the	ABM	 to	 simulate	 disease	 dynamics	 for	 both	 different	
pathogen	phenotypes	 (varying	both	pathogen	virulence	and	trans-
missibility) and different apiary ecologies (varied as previously de-
scribed	in	the	number	of	colonies	per	apiary,	layout	and	likelihood	of	




focussing	on	the	basic	reproduction	number,	R0. R0 is a fundamental 
concept	in	infectious	disease	ecology,	defined	as	the	average	num-
ber of secondary infections caused by one infectious individual in an 
otherwise	entirely	susceptible	population	(Anderson	&	May,	1992).	



















a b 0 0 0 0 0 0 0
b a b 0 0 0 0 0 0
0 b a b 0 0 0 0 0
0 0 b a b 0 0 0 0
0 0 0 b a b 0 0 0
0 0 0 0 b a b 0 0
0 0 0 0 0 b a b 0
0 0 0 0 0 0 b a b




a b 0 0 0 0 0 0 b
b a b 0 0 0 0 0 0
0 b a b 0 0 0 0 0
0 0 b a b 0 0 0 0
0 0 0 b a b 0 0 0
0 0 0 0 b a b 0 0
0 0 0 0 0 b a b 0
0 0 0 0 0 0 b a b




a b 0 b 0 0 0 0 0
b a b 0 b 0 0 0 0
0 b a 0 0 b 0 0 0
b 0 0 a b 0 b 0 0
0 b 0 b a b 0 b 0
0 0 b 0 b a 0 0 b
0 0 0 b 0 0 a b 0
0 0 0 0 b 0 b a b
0 0 0 0 0 b 0 b a
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥
F I G U R E  1   Colony configurations, 
demonstrated	for	apiaries	with	nine	
colonies
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colonies	were	calculated	using	the	next	generation	method	(van	den	
Driessche	&	Watmough,	2002),	(see	S.I.	Section	1).
For	 the	ABM	we	estimate	R0 values for particular parameter 
combinations by treating simulation outputs as ideal empirical 
data	(Keeling	&	Rohani,	2008)	and	track	the	number	of	infections	
following	 the	 index	case.	The	 term	“base	R0”	 is	used	throughout	
the	remainder	of	this	paper	and	refers	to	a	value	of	R0 for a specific 
pathogen	 phenotype	 in	 a	 least	 intensified	 apiary,	 an	 array	 with	
nine	colonies	(see	Figure	2).	We	determine	how	intensification	af-




An	 extreme,	 but	 plausible,	 example	of	 intensification	 is	 used	
for	 these	 comparisons.	 Specifically,	 an	 increase	 in	 colonies	 per	
apiary	from	9	to	225	colonies,	a	change	to	a	lattice	configuration	
and a 10-fold increase in between-colony infection (0.015–0.15 
per	 bee	 per	 day),	 demonstrated	 in	 Figure	 2.	 The	 difference	 in	
the	 R0	 before	 and	 after	 intensification	 is	 how	we	 estimate	 “ad-




characterize	 how	 intensification	 affects	 disease	 prevalence.	We	
focus	on	disease	prevalence	as	both	models	show	rapid	pathogen	
spread	across	apiaries,	 such	 that	 infection	prevalence	at	 the	en-
demic	equilibrium	was	 the	major	 result	differentiating	modelling	
scenarios (S.I. Figures S4 and S5).
3  | RESULTS
Our	 main	 results	 constitute	 three	 main	 characterizations	 of	 this	
system:	the	relationship	between	R0	and	pathogen	prevalence;	the	
effects of intensification on R0;	 and	by	combination	of	 these	 rela-
tionships,	the	effect	of	intensification	on	pathogen	prevalence.	The	
relationship	 between	 R0	 and	 pathogen	 prevalence	 is	 principally	
derived	from	the	analytical	model	 (presented	first	 in	these	results)	
but	is	confirmed	to	broadly	agree	with	the	agent‐based	model	(pre-
sented	second).	The	relationship	between	 intensification	and	R0 is 
principally	derived	 from	 the	ABM,	presented	second,	but	 is	partly	
explored	in	the	analytical	model	presented	first.	The	critical	overall	
result	is	the	combination	of	these	relationships,	presented	last	and	
visualized	 in	 Figure	 5,	 demonstrating	 how	 intensification	 impacts	
disease prevalence. Detailed derivation, exploration and testing of 
both	models	is	detailed	in	the	Supplementary	Information.
Both	model	(1)	and	the	ABM	simulations	show	that,	for	a	given	
number of colonies per apiary, R0	 is	always	greatest	for	the	 lattice	
arrangement—the	most	highly	connected	configuration.	As	the	num-
ber of colonies per apiary increases (increasing n),	the	values	of	R0 
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independent	of	number	of	colonies	as	the	number	of	neighbours	per	
colony	remains	two.	This	explains	why	R0 for an array arrangement 
approaches	the	R0	value	for	a	circular	arrangement	as	the	number	of	
colonies increases.







solved explicitly (see S.I. Section 1). Due to symmetry, all colonies 
within	 the	 circular	 apiary	 have	disease	prevalence	 at	 the	 endemic	
equilibrium	of:
We	 can	 approximate	 the	 endemic	 equilibrium	 for	 the	 lattice	









ment between colonies increases R0	(Figure	3a,	b).	Figure	4b	shows	
the	additional	R0	caused	by	our	most	extreme	plausible	changes	in	
apiary	management.	The	change	 in	R0 caused by increasing apiary 
size	rapidly	asymptotes	(Figure	3a,	b).
The	 effect	 of	 intensification	 is	 dependent	 on	 the	 base	R0—for 
small base R0, intensification causes little additional R0, but at inter-
mediate	or	high	base	R0, intensification leads to large additional R0 
(Figure	4b).	While	the	 increase	 in	R0 is largest for an already large 
base R0,	this	relationship	saturates	and	the	relative	increase	in	R0 for 
a given base R0 stays relatively constant for large base R0	values.	The	
relationship	 shows	a	 strong	nonlinearity	when	examining	all	 three	
aspects of intensification in combination.
By	 understanding	 the	 effect	 of	 intensification	 on	 R0 


















added.	Recall	that	the	R0	for	the	circle	is	independent	of	n	(see	(2b)),	and	hence	absent	from	the	figure.	Parameter	values	are	set	to:	v = 0.1, 
m = 0.0272, 휙 = 1,600 and in a) a + b = 4.32485 × 10-6 and in b) a + b = 6.48725 × 10-5.	The	transmissibility	is	what	affects	base	R0. Black dots 
are	values	where	between‐colony	transmission	is	held	at	10%	of	total	transmission,	with	the	bottom	and	top	of	the	bars	representing	1%	and	
20%	of	the	total	transmission	being	between	hives,	“b”,	respectively.	(c)	The	relationship	between	R0	and	disease	prevalence.	The	range	of	R0 
values	is	generated	by	varying	the	overall	transmission	rate	(i.e.	a + b) from 2.143 × 10-6 to 1.178 × 10-4	as	reported	by	Roberts	and	Hughes	
(2015) for Nosema ceranae





ping	approach	 to	 create	1,000	 subsamples	 (subsample	 size	=	10%	
of	 full	 sample	with	 replacement)	 of	 our	 combined	 approach.	 Each	
subsample	is	used	to	generate	a	nonlinear	model	of	the	form	y = ax/












sification peaking around base R0	=	3.3,	and	then	rapidly	declining.	
Even	at	its	peak,	the	effect	of	intensification	(which	is	as	extreme	as	









regions	 in	 Figure	 5).	We	 identified	 this	 region	 based	 on	 empirical	
data	for	the	microsporidian	pathogen	Nosema ceranae;	this	was	the	
only	pathogen	for	which	experimentally	derived	transmission	rates	
as well as robust information on mortality due to infection is avail-
able	(Martín‐Hernández	et	al.,	2011;	Paxton,	Klee,	Korpela,	&	Fries,	
2007;	Roberts	&	Hughes,	2015).	To	estimate	the	plausible	R0 bound-
ary	 in	our	model	 for	 this	 pathogen,	we	parameterized	our	mathe-
matical	model	using	the	lowest	empirically	supported	transmission	
value	 with	 the	 highest	 supported	 additional	 mortality,	 and	 fixed	
movement	of	honeybees	between	colonies	at	its	lowest	supported	
natural	 rate	 (Currie	&	 Jay,	 1991).	We	 then	 calculated	 the	R0 for a 
circular apiary due to its scale independence.
4  | DISCUSSION




colonies (reflecting management intensification (Brosi et al., 2017)) 
had	only	a	small	effect	on	the	severity	of	disease	at	the	apiary	level	
for	pathogens	of	 interest.	Apicultural	 intensification	 leads	 to	 large	
gains in R0	when	R0	 is	 initially	high	and	small	gains	 in	R0	when	R0 
is	 initially	 low	(Figure	4b).	However,	 increases	 in	R0 cause large in-




diseases	 and,	 therefore,	 our	models	 suggest	 that	 there	 is	 likely	 to	
F I G U R E  4  Results	from	the	ABM.	Figure	4a	demonstrates	the	agreement	between	the	ABM	and	analytical	model;	Figure	4b	presents	the	
critical	relationship	estimated	from	the	ABM	relating	base	R0	to	the	increase	in	R0	following	intensification	(see	Figure	2),	the	shape	of	which	
critically	determines	our	main	result	(see	Figure	5).	Technical	description:	(a)	shows	agreement	between	the	stochastic	simulations	(ABM)	
and	analytical	model	(Figure	3c);	using	the	following	equivalent	model	parameterization	to	that	for	Figure	3c:	Circular	configuration,	n = 9, 
M = 58,200, Φ = 1,600, 5 × 10-6	≤	β	≤	1	×	10-4, ν = 0.1, ρ	=	0.1	(see	S.I.	Section	2).	(b)	Examines	how	an	extreme	example	of	intensification	
(see Figure 2) alters R0	across	a	range	of	different	“base	R0”	values	determined	by	pathogen	phenotype	using	the	ABM.	Grey	points	
represent individual simulation comparisons, black points represent mean values. Base R0	values	are	unevenly	distributed	across	the	
range due to R0	being	an	emergent	property	of	the	system	in	both	plot	panels.	We	derive	a	nonlinear	relationship	between	“base	R0” and 
“additional	R0”	for	panel	b,	corresponding	to	Figure	2	(see	Figure	2	for	panel	b	parameterization,	otherwise	as	listed	for	a,	plotted	as	a	dashed	
red	line.	Variation	within	clusters	is	a	result	of	the	stochastic	simulations
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be little effect of apiary-scale intensification on disease prevalences. 







Our	 models	 most	 closely	 resemble	 the	 ecology	 of	 a	 directly	
transmitted	 microparasite	 able	 to	 infect	 individual	 honeybees	 at	
any	life	stage,	conceptually	similar	to	the	microsporidian	pathogens	














management	 by	 beekeepers,	 maximum	 reported	 prevalences	 that	
may	be	indicative	of	its	true	“unmanaged”	R0	are	high,	for	example	
73%	 in	Natsopoulou	et	 al.	 (2017),	 80%	 in	Budge	et	 al.	 (2015)	 and	
100%	in	Stamets	et	al.	(2018).	These	high	prevalences	are	consistent	
with	high	R0 values (Figures 3c and 4a, and S.I. (Section 3)).
We	additionally	explored	the	behaviour	of	a	more	specific	model,	
using	an	age‐structured	approach	to	infection	dynamics,	where	only	
larvae are vulnerable to infection and develop into infectious adults 
with	a	high	pathogen‐associated	mortality	(as	might	be	appropriate	












alences	demonstrates	 that	 these	 results	are	 likely	generalizable	 to	
many	honeybee	pathogens.
We	find	rapid	spread	of	a	given	pathogen	across	an	apiary,	which	







epidemics	 are	 established	 in	 our	model	 is	 also	 in	 agreement	with	
other	honeybee	pathogen	models.	For	example,	Jatulan,	Rabajante,	
Banaay,	Fajardo,	and	Jose	(2015)	show	that	a	single	infectious	adult	
causes	 an	American	 Foulbrood	 (Paenibacillus larvae)	 epidemic	 that	
peaks	within	50	days.	Whilst	they	do	not	explicitly	find	an	R0 for P. 
larvae,	the	short	timescales	characterizing	their	epidemics	are	in	line	
with	ours	 (S.I.	Section	3),	 suggesting	high	R0	 values	and	 that	 their	
model	would	behave	similarly	to	ours	at	an	apiary	scale.














line	show	a	lowest	estimated	value	of	R0 for Nosema ceranae. 
Figures start at R0 = 1.0008
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Our intercolony transmission can be understood to capture 
multiple	processes	 arriving	 from	beekeeper	management	 such	as	
brood transplantation or reduced distance between colonies (Brosi 
et	al.,	2017)	as	well	as	recognized	transmission	routes	such	as	hon-
eybee	 drift	 (Jay,	 1965).	 Our	 approach	 was	 informed	 by	 studies	
which	 have	 focussed	 on	 how	 changes	 in	 the	 number	 of	 colonies	
and	apiary	configurations	(Jay,	1966,	1968)	alter	drift	(Dynes	et	al.,	
2017).	 Links	 between	 drift‐mediated	 pathogen	 transmission	 and	
colony	numbers	have	been	documented	for	a	variety	of	pathogens	
(Seeley	&	Smith,	2015)—including	brood	specialized	and	non‐spe-
cialized,	 micro‐	 and	 macro‐parasites	 (Belloy	 et	 al.,	 2007;	 Budge	
et	al.,	2010;	Dynes	et	al.,	2017;	Nolan	&	Delaplane,	2017).	Larger	
numbers	of	colonies	per	apiary	are	a	driver	of	higher	drift	 (Currie	
&	 Jay,	1991),	 as	are	changes	 in	apiary	arrangement	 (Dynes	et	al.,	




apiaries would also capture any additional transmission from spatial 
crowding.
Two	 clear	 candidates	 for	 future	 development	 of	 this	 model	
include	 seasonality	 and	 demography,	 which	 are	 closely	 linked.	
Honeybee	demography	within	a	colony	influences	epidemiology	
(Betti,	Wahl,	 &	 Zamir,	 2016)	 due	 in	 part	 to	 the	 temporal	 poly-










eases	 at	 the	 apiary	 scale	 is	 challenging.	However,	 notable	 phe-
nomena	worth	pursuing	include:	the	role	of	male	bees,	which	are	
known to be more easily infected, more infectious and more likely 
to	drift	between	colonies	(Currie	&	Jay,	1991;	Roberts	&	Hughes,	
2015);	 as	well	 as	 the	 role	 of	 robbing—where	 honeybees	 invade	
other	colonies	to	steal	food	(Fries	&	Camazine,	2001;	Lindström,	
Korpela,	&	Fries,	2008).
At	 broader	 scales,	 overstocking	 of	 colonies	 may	 lead	 to	 re-
source	 limitation	 and	 consequently	 impaired	 immune	 function	












Other	 industrialized	 agricultural	 livestock	 systems	 reflect	 ex-
treme	host	densities	similar	to	those	in	this	study.	However,	the	R0 
for	honeybee	diseases	may	exceed	that	of	other	livestock	diseases.	
We	compare	our	lower	threshold	estimate	for	the	R0 of N. ceranae 
to all available R0	values	for	livestock	diseases	that	we	could	read-
ily	 find	 in	 the	 literature	 (Figure	S9,	 see	S.I.	 Section	4).	Notably,	 all	
other	livestock	diseases	for	which	R0	estimates	exist	show	minimum	
R0	values	far	below	our	honeybee	estimate,	however,	examples	of	
agricultural R0	 values	as	high	or	higher	 than	 those	we	present	 for	
honeybees	do	also	exist.	There	is,	therefore,	a	clear	need	to	develop	







pathogens,	while	 it	may	 increase	 the	 risk	of	pathogen	emergence.	
Finally,	this	study	demonstrates	that	conventional	thought	on	how	
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